The organization of enzymes into different subcellular compartments is essential for correct cell function.
Introduction
Enzymes, and the metabolic processes in which they participate, are often compartmentalized in different organelles. Eukaryotic cells predominantly organize their metabolic pathways within organelles with lipid membranes, 1 e.g., endosomes, the Golgi apparatus, or the cell nucleus. Like prokaryotes, they also contain protein-based cages to confine their enzymes. 2, 3 Both cell types use these latter structures to control substrate and product flux, to improve enzyme stability, and to create defined microenvironments that presumably afford some biological advantage for the biochemistry that occurs within them. Viral capsids can also be considered protein-based cages. 4 Man-made nanoreactors based on these cages might have biomedical applications, be useful in the search for new materials, and provide new vehicles for catalysis. 5 The properties of protein-based cages correlate strongly with their structure, and developing nanoreactors from natural proteinbased cages therefore requires detailed knowledge of their three-dimensional (3D) structure. X-ray crystallography, and to a lesser extent nuclear magnetic resonance (NMR) spec-troscopy, have long been used examine the structure of proteins and nucleic acids at near-atomic resolution. NMR is limited by the size of the macromolecules under study, however, and X-ray crystallography by the difficulty in crystallizing large, conformationally flexible complexes and membrane proteins. Large quantities of protein-based cages are also needed for crystallization trials, and these are not easy to obtain. In the past few years, 3D cryo-electron microscopy (cryo-EM) has revolutionized the field of structural biology. 6, 7 The 2017 Nobel Prize for chemistry, awarded to Jacques Dubochet (University of Lausanne), Joachim Frank (Columbia University), and Richard Henderson (MRC Laboratory of Molecular Biology), recognized the impact of cryo-EM in disciplines across biology and chemistry. 8 Perhaps not surprisingly, this technique has been used to examine the structure of protein-based cages and will likely be central to the development of man-made nanoreactors.
Various strategies can be used to direct enzymes into the interior of protein-based cages to manufacture nanoreactors. These methods can be summarized in six loading categories: covalent, charge-based, affinity tag, statistical, supramolecular, and scaffold-assisted loading (Fig. 1) . In covalent loading, the cargo is linked by a covalent bond to the interior-facing residues of the protein monomers that form the cage; they can be chemically or enzymatically fused, or produced in fused form via genetic manipulation. [9] [10] [11] In charge-based loading, enzymes are attracted into a protein cage when its interior is charged. This requires that the cargo enzyme charge be opposite to that of the protein cage. 12 Affinity tag loading involves a Daniel Luque is a biochemist and group leader since 2009 of the Electron and Confocal Microscopy Unit of the Instituto de Salud Carlos III in Madrid. His BSc in Biochemistry was followed by a PhD in Molecular Biology at the UAM with Dr Castón. As a postdoctoral researcher at the CNB, he characterized various viral systems by cryo-EM and image processing. His current research focuses mainly on viral pathogens in human health using a multidisciplinary approach, which includes state-of-the-art cryo-EM approaches to obtain near-atomic resolution structures.
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3D cryo-EM requires only a small amount of sample; this is particularly advantageous when sample material is in short supply or precious. Unlike other techniques, cryo-EM can be used to study a broad range of assemblages, from single proteins 16, 17 to large macromolecular complexes such as virus particles. 18, 19 Cell organelles, entire eukaryotic cells, bacteria and tissue sections can be analyzed by an analogous method known as cryo-electron tomography. 20, 21 
Specimen preparation and imaging
Specimens are commonly prepared using the negative staining technique; they are dehydrated and embedded in a heavy metal salt cast, which replicates the specimen's shape. 22 This quick, easy method gives high contrast images, and is used to assess sample homogeneity and quality. The resolution is limited by the stain granularity to ∼20 Å. 23 For cryo-EM, rapid freezing of the sample in a buffer is required (to −180°C) so that the water molecules are immobilized in an amorphous state. The so-called vitreous ice formed avoids specimen disruption by ice crystal formation. 24 To prepare these frozen samples, an aliquot of the specimen in its buffer is applied to an electron microscopy grid coated with a hole-containing carbon support film. It is then blotted with filter paper to leave a very thin film of particle suspension in the holes. The grid is plunged into liquid ethane cooled by liquid nitrogen. 25, 26 To improve reproducibility, this is done using semi-automated plunge-freezer aids such as a Vitrobot (FEI), Cryo-plunge (Gatan), or EM GP (Leica) device.
The concentration of the buffered sample is critical for obtaining a thin film with even specimen distribution after blotting (usually confirmed by negative staining analysis). The presence of glycerol, sucrose, or cesium chloride, used to purify samples by density gradient ultracentrifugation, can reduce vitrification efficiency. These compounds bubble when exposed to the electron beam and are thus incompatible with high-resolution imaging. 15 Sample stability and homogeneity must be checked prior to cryo-EM analysis. 27 Size-exclusion chromatography separates specimen subpopulations based on the hydrodynamic radius of their particles, and is an appropriate method for preparing homogeneous samples. 28, 29 In addition to the presence of contaminant complexes, specimen heterogeneity can result from a sample found in distinct compositional or conformational states. The GraFix technique can also be used to help 'purify' the sample. 30 In this method, a chemical crosslinker such as glutaraldehyde is added to a glycerol density gradient before centrifugation, to stabilize and separate complexes from dissociated elements and aggregates. The high-throughput Proteoplex method can be used to screen the stability of multisubunit complexes in different buffers in the presence of small fluorescent molecules, via analysis of thermal unfolding transitions. 31 
Image acquisition
Specimen sensitivity to radiation can be a major problem in electron microscopy. Use of low electron doses to limit exposure nonetheless leads to images with a very poor signalto-noise ratio (SNR) for subsequent image processing. Hence, many different views of the same macromolecular complex are averaged to enhance the SNR and calculate a 3D reconstruction.
Direct electron detectors (DED), such as the Falcon camera (from FEI ThermoFisher), the K camera (from Gatan), and the DE camera (from Direct Electron Inc.), were key in improving resolution. DED have a high detective quantum efficiency (DQE, a measure of detection efficiency as a function of spatial frequency), 32, 33 which increases the SNR. DED can operate in integration or counting mode. In integration mode, the signal is integrated over the entire exposure time or is dose-fractionated into multiple movie frames; in counting mode, single electron scattering events are detected.
DED have a rapid readout rate and images are collected as movies, which allows dose fractionation into multiple frames per second 34, 35 (each frame has an extremely low electron dose, ∼1 e − per pixel). More importantly, the beam-induced specimen drift that results in motion-induced image blurring can be tracked and corrected by computational alignment of a series of low-dose frames taken in one area before averaging them. 36 In addition, subframes with optimized doses can be selected for subsequent image processing 37 (later frames would be of lower quality due to radiation damage). The combination of dose fractionation and motion correction greatly improves data acquisition efficiency; nearly all images are of a quality suitable for recovering high resolution information. 38 2D projection images are modulated by the contrast transfer function (CTF) of the microscope, and image defocus correction is necessary for accurate interpretation of specimen structure. During data acquisition, images are recorded at a range of defocus settings to enhance the specimen's different features and to fill in missing information when they are combined into a 3D reconstruction. Averaged movie quality can be analyzed by inspection of the CTF zeros or Thon rings in the Fig. 1 Overview of various strategies used to encapsulate enzymes in protein nanocages. These include covalent-, charge-, affinity tag-, statistical-, supramolecular-, and scaffold-assisted assembly of enzymebased protein nanoreactors. Container proteins are shown in blue, the enzyme in red, scaffold proteins in green, and the different tags in black.
image computed diffraction patterns. Large symmetrical assemblies can be imaged at small defocus levels with good image contrast and preserved high-resolution signals. For small (100-300 kDa) and asymmetric assemblies, high defocus settings are needed, which limit the resolution that can be achieved. Cryo-EM using a Volta phase plate greatly improves phase contrast and enables in-focus phase-contrast imaging. 39, 40 A number of automated data collection systems, such as SerialEM 41 and Leginon 42 (both free), as well as the commercial EPU (FEI), JADAS (JEOL) and Latitude (Gatan) systems are available for collecting large data sets for reliable statistical analysis.
Structure determination by single particle cryo-EM
The general workflow of single particle analysis includes quality assessment of motion-corrected average images, particle picking, image CTF correction, particle classification, estimation of particle orientation and refinement, image reconstruction and refinement, resolution assessment, and map validation 43 (Fig. 2) . A number of classical image processing packages perform these tasks, provide classification of multiple conformational or compositional states, and sort images into different 2D and 3D image classes. These software packages include RELION, 44 EMAN2, 45 Xmipp 46 and FREALIGN. 47 SCIPION 48 offers a framework for integrating software packages via a workflow-based procedure designed for less experienced users as well as user-friendly graphic interfaces. Additional software packages like CryoSPARC, 49 cisTEM 50 and SPHIRE 51 also have workflows useful for processing cryo-EM images and obtaining high-resolution 3D reconstructions from them.
Most of these packages continuously implement new approaches with better automatic particle-picking algorithms, more precise and faster CTF determinations, and improvements in beam-induced motions correction, local-resolution estimation, 2D and 3D classification methods, as well as alignment and reconstruction methods. The implementation in RELION of Ewald sphere curvature correction, together with Bayesian-based beam-induced motion correction, allows resolution improvements of 0.2-0.7 Å. 52 This continuous software development implies a myriad of possibilities for combining distinct programs and their different parameters.
Single-particle cryo-EM provides the 3D structure of the specimens examined by computationally merging images of many (easily exceeding tens or hundreds of thousands) individual macromolecules in identical (or similar) conformations. Each particle image is a randomly orientated 2D projection image that contains all the structural detail of the 3D specimen. Angular orientation parameters are determined by comparing the 2D projections with spatially defined reprojections of an initial 3D model filtered at low resolution. A new 3D map of the macromolecular complex is then calculated from these 2D projections by "back-projection", i.e., combining all views into a single 3D map. 53 This projection-matching process is performed iteratively to obtain new 3D reconstructions with improved resolution until no further improvement is possible. Finally, the known protein sequence is fitted into the 3D map, positioning the bulky amino acid side chains first. The 3D atomic model built is then further refined.
Owing to the very low electron doses used to avoid radiation damage, biological specimens yield low contrast, extremely noisy images. Resolution can also be affected by the conformational and/or compositional heterogeneity of the sample, in which multiple states of a macromolecular assembly coexist in the same sample. Sophisticated 3D classification methods are therefore becoming essential for high-resolution analysis of single particle cryo-EM data. [54] [55] [56] These methods reconstruct 3D structures by combining many images of a homogeneous subset of particles that have been aligned with each other at high precision. One of the promising developments is the imaging of short-lived states (10-1000 ms) by time-resolved cryo-EM. 57 This development would be especially relevant for 3D analysis of nanoplatforms for in vitro catalysis.
Resolution estimation, model building and validation
Defining the resolution of a cryo-EM map remains problematic. When generating such maps, it is now standard to randomly split the dataset into two independent (even-odd) halves and, by iterative refinement and reconstruction, to compute two independent maps from each half-set. These two reconstructions are then correlated as a function of the spatial frequency to determine the extent to which structural features have been reliably established. This is termed the "gold standard" Fourier shell correlation (FSC) method. 58 As resolution is often non-isotropic in different regions of the map, visual inspection of map quality in key regions is needed to establish local conformations and their functional implications. 59 Local variations in the resolution can be assessed using Resmap 60 or MonoRes 61 programs.
Although cryo-EM can potentially determine ab initio protein structures in the 2-4 Å range, the true nature of many specimens can remain elusive. Many large protein-based cages modified with specific cargos must be classified into different 3D map classes because of their heterogeneity (they may be intact, incomplete, truncated or damaged), or because they have different conformations or functional states. The structures of protein-based cages are typically solved at subnanometer or even modest resolutions. Atomic structures obtained by X-ray crystallography and NMR are then fitted into the cryo-EM map.
Protein-based nanoreactors
Nanoreactors made from bacterial amyloids, 62 nano-sized crosslinked enzymes, or encapsulated enzymes in other protein matrices 63 are not discussed here. We focus on welldefined natural protein nanocages and how they can be modified to include non-natural enzymes. The natural proteinbased nanocompartments based on viruses are first described, followed by protein-based nanocages of prokaryotic origin, and finally, nanoreactors found in eukaryotes. The structures of the native and synthetic protein-based nanoreactor particles are provided, most determined by 3D cryo-EM.
Virus-like particles
Viruses consist of a few building blocks that self-assemble into precisely defined nanosized structures; these can be icosahedral, rod-like, or some other shape, and fall into the nano to micron size range. 64 These properties have led to exploration of possible virus uses in nanotechnological applications. 65 Their capsids show remarkable parallels with the micro-nanosized 66 protein-based cages of bacteria, in some cases including the icosahedral symmetry of the latter. This has resulted in virus use as nanoreactors that mimic these bacterial cages, to help understand the effect of confinement by the protein shell on cargo enzyme reactions.
A variety of viral capsids are reported to be capable of encapsulating a protein cargo. These include those of cowpea chlorotic mottle virus (CCMV), bacteriophages P22, Qβ, and MS2, murine polyomavirus, bluetongue virus, lentivirus, and simian virus 40. [67] [68] [69] [70] Not all viral capsids are confirmed to have a porous shell, however, or can be used to pack enzymes.
The following lines thus focus on the origin, structure, and use of five viruses that have been used successfully to generate nanoreactors.
3.1.1. Cowpea chlorotic mottle virus. CCMV is a plant virus that infects the black-eyed pea plant. The wild type virus has an icosahedral T = 3 structure with a diameter of 28 nm, and consists of a positively single-stranded RNA molecule encapsulated by 90 homodimers of capsid proteins (CP). Large numbers of virus particles can be isolated from an infected plant, but CCMV-based virus-like particles (VLP) can be produced in yeast or Escherichia coli. This virus has attracted much interest, since it can be disassembled into its dimers and RNA by increasing the salt concentration to >0.3 M at neutral pH. The RNA can be removed by calcium precipitation, and the CP dimers then reassembled into the original T = 3 structure by lowering the pH to 5. In the presence of a polyanionic species at neutral pH and lower ionic strength (<0.3 M), the CP can be assembled into differently shaped VLP. 71 The final shape depends strongly on the (necessarily) negative charge carried by the cargo and on buffering conditions ( Fig. 3a-c) . For example, the absence of bivalent cations results in a markedly swollen structure, which doubles pore size from 1 to 2 nm. 72 Fig. 2 Overview of single-particle cryo-EM workflow, from data collection to 3D model. The vitrified sample is imaged by collecting movie frames that are aligned and averaged. Using motion-corrected images, image defocus is calculated for CTF correction, and individual particles (such as protein cages) are picked. Particles are extracted, cleaned (removal of bad projections) and normalized, and then subjected to 2D classification and averaging, to obtain class averages according to similarity. Class averages with improved SNR can be used to obtain an ab initio 3D model. This lowresolution model is used as a reference for 3D classification, a necessary step for identifying distinct conformations, macromolecular heterogeneities, or particle subsets with different structural integrity. Orientation refinement is performed iteratively until the structure converges, as indicated in the resolution analysis by the FSC method. The final map is sharpened by applying an estimated B-factor that reveals high resolution details. Finally, the protein sequence is fitted into the 3D near-atomic map to build a de novo 3D model of the protein. 2D images and 3D maps correspond to the cryo-EM structure determined at 3.7 Å resolution of the fungal virus Rosellinia necatrix quadrivirus 1. 192 The first artificial nanoreactor reported was, in fact, based on CCMV. 73 It was made using a statistical loading method, the cargo mixed into the solution of CP that were reassembled at pH 5. Horseradish peroxidase and cytochrome p450 were successfully encapsulated and retained their activity, providing nanoreactors that can be used for pro-drug activation and assessment of drug metabolism. 73, 74 Atlhough encapsulation efficiency was low and the nanoreactors were unstable at neutral pH, improvements were made using supramolecular loading. Coiled-coil interactions, in which one coil is attached to the CP N terminus and the other to the enzyme, were used to controllably load the enzyme lipase B of Pseudozyma Antarctica. 75 The 'stability at neutral pH' problem was solved through chimeric expression in E. coli with an elastin-like polypeptide attached to the CP N terminus, which stabilizes the VLP in strong salt solutions. 9 In other work, T4 lysozyme was attached covalently to the CP N terminus using sortase A as a catalyst. 76 CP assembly resulted in encapsulation of the enzyme, since the N terminus now pointed inwards.
In attempts to introduce a negative charge to the enzymes, appropriately charged polystyrene sulfonate or single stranded DNA polymers have been linked to the cargo enzyme. This allows carriage of native or commercial enzymes and their expression in chimeric hosts, at the cost of a slight reduction in catalytic efficiency. 12, 77 This method has been used to encapsulate single enzymes such as horseradish peroxidase, 77 and multiple enzymes such as a DNA-heme-based DNAzyme and glucose oxidase. 12 These negatively charged chains resemble the native cargo and stabilize the nanoreactor at physiological conditions, thus enabling CCMV to be used as an artificial nanocage. 78 The structure of the glucose oxidasefilled CCMV, as resolved by cryo-EM, confirmed effective encapsulation of the enzyme and a two-state polymorphism for the CCMV T = 1 capsid. One of these states is the expanded form of the other, and with larger pores it can be used in catalysis. When enzyme cascades were thus encapsulated, an increase in K cat /K m was seen, indicating enhanced substrate channeling as a result of successful sequential catalytic reactions.
CCMV-based nanoreactors, loaded with enzymes or inorganic catalysts, have also been applied in thin film assemblages to create effective catalysts for in vivo use. 77 3.1.2. Bacteriophage P22. The bacteriophage P22 is a T = 7 icosahedral virus, ∼64 nm in diameter, that encapsulates double-stranded DNA. In its native form, the capsid has 2 nmdiameter pores. The virus naturally infects Salmonella typhimurium, and its VLP can be expressed in E. coli. The virus comprises 420 CP and a total 100-300 copies of scaffolding proteins (SP). 79 The SP are incorporated into the interior of the procapsid through non-covalent association between the CP and the SP C terminus, which direct capsid assembly. As visualized by cryo-EM, heating of the procapsids at 65°C for 10 min causes loss of the SP, inducing the irreversible expansion of the mature capsid (from ∼60 to ∼64 nm). An extra transformation can be induced by heating either the original procapsid or the expanded structure at 75°C for 20 min. This leads to formation of a so-called 'wiffleball' capsid, by which some subunits are released from the 12 five-fold vertices, resulting in a much more open structure with 10 nm holes ( Fig. 3d-f ). 79 Enzymes are generally loaded into P22 capsids by their genetic fusion with the N-terminal truncated SP, and coexpressing them with the CP in E. coli. This results in the directed encapsulation of up to 300 copies of the enzyme per capsid. Alcohol dehydrogenase D (AdhD) from the hyperthermophile Pyrococcus furiosus (useful for ketone/alcohol reduction and oxidation) can be encapsulated in this way, 80 as can phosphotriesterase (PTE) from Brevundimonas diminuta (useful for breakdown of organophosphates, including chemical warfare agents and commercial insecticides). The stability of these encapsulated enzymes with respect to temperature, proteases, and other factors is much greater than that of nonencapsulated enzymes, highlighting a clear advantage of using protein-based cages.
The enzymes Cas9 (CRISPR-associated protein 9 from Streptococcus pyogenes [SpCas9]) and hydrogenase 1 (EcHyd-1), a very active [NiFe]-hydrogenase, have also been encapsulated in the P22 capsid. [81] [82] [83] These nanoreactors show promise in eukaryotic genome engineering (by allowing cell-specific delivery) and in the production of hydrogen, respectively. In another example, NADH oxidase from Pyrococcus furiosus was fused to the capsid protein, resulting in a nanoreactor with antimicrobial properties. 84 Cytochrome P450 has also been encapsulated in P22, and might have use in pro-drug activation in eukaryotic cells. [85] [86] [87] P22-based nanoreactors are not only functional as separate units, but can be turned into larger assemblages that retain their enzymatic activity; this has been done with β-glucosidase. These nanoreactor-based frameworks are built using a combination of sixth generation poly-(amidoamine) dendrimers and cysteine-modified homo-trimeric capsid decoration proteins, bound to the P22 exterior. 88 Dendrimers have also been used to form ordered face-centered cubic lattice structures, using nanoreactors containing ketoisovalerate decarboxylase and alcohol dehydrogenase A. 89 Both enzymes retained their activity.
P22 capsids have also been applied to co-encapsulate AdhD from P. furiosus and rhodium (a catalyst). 90 Using SP fusion, enzyme cascades have also been successfully encapsulated, e.g., the sugar metabolism cascade of P. furiosus. The sequential reaction involved β-glucosidase CelB 91 (which hydrolyzes a wide variety of beta-linked disaccharides), ATP-dependent galactokinase, a phosphotransferase (which phosphorylates galactose), and ADP-dependent glucokinase (which catalyzes glucose to glucose-6-phosphate). 92 All four enzymes produce essential intermediates for entry into glycolysis, making them particularly interesting for biofuel production. Retention of enzyme cargos within the P22 capsid was studied using cryo-EM and multiangle light scattering and small-angle X-ray scattering. While cargo size is an important consideration for its retention inside the P22 VLP, electrostatic interactions also play an essential role in both cargo retention and its release rate. 89 3.1.3. Bacteriophage MS2. Bacteriophage MS2 is a 27 nmdiameter T = 3 icosahedral virus with 180 subunits that packages single-stranded RNA (Fig. 3g ). It has 32 pores of 1.8 nm diameter, which allows reactant exchange with the environment. MS2 naturally infects enterobacteria, but VLP can be made by heterogeneous expression in E. coli. MS2 capsids can be disassembled with trimethylamine N-oxide, used as an osmolyte. 93, 94 When the osmolyte is removed, the CP reassemble into the original shape. During reassembly, an enzyme can be loaded into the protein cage if the former is negatively charged. For fluorescent protein or alkaline phosphatase, this is achieved by introducing a negatively charged DNA tag (by chemical linkage) or peptide chain (by genetic manipulation). The pores that allow substrate and reactant fluxes can be modified, resulting in substrate-specific catalysis rates. 93 The MS2 capsid can be filled in vivo using a CnaB2-based SpyTag/SpyCatcher system. 95 The short SpyTag peptide binds covalently to the capsid and the SpyCatcher protein, which can be used to couple various complexes to proteins. Using this system, the enzymes pyridoxal phosphate (PLP)-dependent tryptophanase TnaA, flavin mononucleotide (FMN), and nicotinamide adenine dinucleotide phosphate (NADPH)-dependent monooxygenase FMO have been encapsulated in MS2 capsids in E. coli; together these enzymes synthesize deep blue indigo dye from L-tryptophan. Yield and stability of this caged enzyme complex are increased compared to non-encapsulated forms of the enzymes. This exemplifies a truly effective artificial nanocompartment that can be used to generate new non-native substances from common metabolic components in a cell.
3.1.4. Bacteriophage Qβ. Bacteriophage Qβ is a 25 nm diameter virus with T = 3 icosahedral symmetry that naturally infects E. coli (Fig. 3h ). It encases positively single-stranded RNA within 178 CP and a single copy of the maturation protein, which replaces one CP dimer in the icosahedral lattice. VLP can be made recombinantly with 180 CP that encapsulate aspartate dipeptidase E, firefly luciferase, and a thermostable mutant of luciferase. 96 In this system, a highaffinity interaction between a specific RNA hairpin structure and the interior-facing CP residues is used to direct enzyme encapsulation. A complementary RNA aptamer can be bound to arginine-rich peptides (Rev) derived from HIV-1, which have a hairpin structure. The resulting nanoreactors show clear enzymatic activity.
3.1.5. Simian virus 40. Simian virus 40 (SV-40), which infects primates, including humans (Fig. 3i ), 97 has a T = 7 icosahedral capsid with a diameter of 45 nm. It consists of DNA encapsulated within 72 pentamers of the major capsid protein VP1, and the minor coat proteins VP2 and VP3, which are almost identical and reside in the virus. This virus has been used to encapsulate yeast cytosine deaminase (yCD), an enzyme involved in pro-drug modification, 98 by genetic fusion of the enzyme to the VP2/3 minor coat proteins and their heterogeneous co-expression with the VP1 in insect cells. The resulting nanoreactors were successfully delivered to CV-1 cells (kidney cells that can replicate SV40) with their enzymatic activity intact.
Protein-based cages in prokaryotes
Protein-based cages are found throughout the bacterial kingdom 99, 100 (Fig. 4) . They have crucial functions in metabolic pathways and enable growth in specific habitats.
3.2.1. Bacterial microcompartments. Bacterial microcompartments (BMC) are polyhedral protein shells (diameter 40-600 nm) that contain enzymes. 2, 3 Given their large size and complexity, it is difficult to characterize their structure accurately. Cryo-EM has been successfully used to resolve the structure of protein-based cages in Haliangium ochraceum. 101 The protein shell of most such cages consists of multiple hexamers, pseudohexamers and pentamers, composed of three types of protein building block, BMC-H, BMC-T and BMC-P (Fig. 4a) . 102, 103 The capsid-like cage typically has pores (channels for metabolites that cross through the shell) on the central symmetry axis of the hexamers and pseudohexamers. Because of their larger interior volume compared to other cages, large cascades and multiple copies of enzymes can be encapsulated. 104 These encapsulated enzymes commonly catalyze sequential reactions of a specific pathway, often in combination with a private pool of cofactors (e.g., NAD+/NADH, coenzyme A and ATP).
Similar to eukaryotic protein-based cages, those of prokaryotes reduce the crosstalk between pathway metabolites, toxic intermediates and inhibitory products. The shell is selective with respect to the molecules it allows through. For example, polar molecules are allowed to pass, while less polar and nonpolar molecules are not. 100 Moreover, the pores can be modified to change their selectivity. 105 This is important for substrate channeling and effective catalysis.
Prokaryotic protein-based cages can be divided into two types, the anabolic carboxysomes, involved in carbon fixation (they encapsulate carbonic anhydrase and ribulose-1,5-bisphosphate carboxylase/oxygenase [RuBisCO]), 2,106 and catabolic cages, known as metabolosomes. The latter metabolize compounds depending on the enzymes encapsulated; these are commonly dehydratase, ethanol-amine-ammonialyase or glycyl-radical enzyme, 103 but also aldehyde dehydrogenase, alcohol dehydrogenase, and phosphotransacylase. 3 Formation of these cages is mediated by a peptide sequence that also directs cargo into the cage after assembly. 107 The fact that the cargo carried can be changed renders these cages of interest for engineering nanororeactors. 108, 109 So far, nanoreactors have been made that are able to carry β-galactosidase, 110 pyruvate decarboxylase, and alcohol dehydrogenase (which catalyzes the transformation of pyruvate into ethanol, of interest for biofuel production), 111 and polyphosphate kinases 112 (for polyphosphate accumulation). Large enzyme aggregates have also been encapsulated in BMC, including glycerol dehydrogenase, dihydroxyacetone kinase, methylglyoxal synthase and 1,2-propanediol oxidoreductase, for glycerol conversion to 1,2propanediol. 113 Man-made carboxysome cages have been used to improve CO 2 fixation, and indeed have been expressed in chloroplasts to increase crop yields. 114 3.2.2. Encapsulin. Some bacteria have protein-based cages known as encapsulins that are smaller than those mentioned above. 13, 115 They have functions that vary from iron storage 116 to stress response peroxidase-catalyzed reactions, and even combine functions. 115 The T = 3 encapsulin from Myxococcus xanthus, which normally packages three proteins with rubrerythrin/ferritin-like domains in its native form, has been loaded with ferritin to study iron storage in nanoparticles. 117 Encapsulins are genetically encoded in bacteria, often in an operon also containing their cargo protein. Once expressed they self-assemble, forming monodisperse nanocages with their cargo inside. By introducing plasmids containing the operon for the cargo and encapsulin into E. coli, they can be expressed heterogeneously. 13, 118 Depending on the encapsulin source, they conform a T = 1 or T = 3 icosahedral structure ( Fig. 4b and c) , with 60 or 180 subunits that form a nanocage ranging from 20 to 40 nm in diameter. 13 The structure is generally robust; indeed, encapsulins are stable at high and low pH, various salt concentrations, and at high temperatures. 119 Only a few encapsulin crystal structures have been resolved to date, but most show protein shell pores approximately 5 Å across. These pores are large enough for small molecules to pass through. 13 Although all encapsulins have a fold homologous to a structure first discovered in the HK97 phage, 120 cages from different bacteria do differ. For example, encapsulins from Brevibacterium linens and Rhodococcus jostii naturally contain a dye-decolorizing peroxidase (DyP), while those of Thermotoga maritima and Pyrococcus furiosus contain a ferritinlike protein (FLP). 13 Mycobacterium tuberculosis encapsulins package three enzymes: a DyP, a bacterioferritin (BfrB or FLP) and a dihydroneopterin aldolase (FolB). These threeenzymes all have antioxidant properties, suggesting a role in oxidative stress responses.
To direct the cargo into the interior of encapsulin cages, an affinity peptide sequence (often attached to the C terminus of the cargo protein) is needed, except for P. furiosus, in which the cargo is fused to the encapsulin protein. This tag binds to the cage, but the exact binding mechanism and the encapsulin assembly mechanism are yet to be fully understood. When encapsulins are expressed in E. coli, the cargo can be altered by genetically removing the sequence for the native cargo and introducing a new cargo sequence. This has been done with B. linens encapsulin, into which fluorescent proteins were introduced.
The encapsulin provides a robust shell to the enzyme cargo, with many pores to allow solute flux. Cryo-EM analysis has indicated that the structural integrity of non-loaded encapsulins is better than that of encapsulins loaded with their natural cargo (DyP) or fluorescent proteins. 119 This structural flexibility was also shown for T. maritima encapsulin. 121 Encapsulin-based nanoreactors (engineered to carry nonnative cargos) were first made from Rhodococcus erythropolis N771 encapsulin. 122 The native DypB peroxidase was replaced with firefly luciferase fused to the DypB C-terminal affinity tag. The luciferase was still able to carry out bioluminescence reactions in the cavity.
Encapsulins have more recently been used to produce nanoreactors. The fluorescent protein cargo mNeonGreen was protected from proteasome-based degradation in the yeast Saccharomyces cerevisiae. 123 In addition, encapsulin-based nanoreactors co-packaged with the split Venus components Ven-N and Ven-C became fluorescent, with high loading yields. This was further explored by encapsulating Aro10p, an enzyme involved in tyrosine catabolism that might allow prodrugs to be activated in the body when in this form. The 5 Å pores allowed small molecule diffusion, and the enzyme showed the anticipated decarboxylation activity. The cargo was protected from protease degradation.
Myxococcus xanthus encapsulin has been used to create orthogonal nanoreactors in mammalian HEK293 T cells. 124 A tag of eight amino acids was used to co-package a photo-active fluorescent protein (mEos4b) or the two halves of a split luciferase or mCherry. The strategy using the split proteins verified that they were indeed co-packaged in the same cage. The cages were then loaded with tyrosinase, which catalyzes the transformation of tyrosine into the light-absorbing polymer melanin. The results could have applications in multispectral optoacoustic tomography. The encapsulated melanin was associated with almost no toxicity. The nanoreactors thus effectively mimicked the cell's natural membrane-bound melanosomes.
An engineered peroxidase, polymerized diaminobenzidine (APEX2), was also packaged in encapsulin-based nanoreactors. 124 This enzyme can be used for cellular EM imaging and proximity labeling. The system was expanded to encapsulate cystathionine γ-lyase 124 which, in the presence of L-cysteine, catalyzes the conversion of cadmium acetate in aqueous solution into cadmium sulfide nanocrystals. These nanocrystals were confined in the nano-sized interior of the encapsulins, and generated a photoluminescence signal under UV.
These examples of the use of encapsulin-based nanoreactors show the wide range of applications for genetically controlled compartmentalization.
3.2.3. Lumazine synthase cages. Lumazine synthase is an enzyme involved in the biosynthesis of vitamin B2, and is found in bacteria and other organisms. In some, such as fungi, archaea, and certain eubacteria, lumazine synthase assembles as pentamers or decamers. 125 In others, including some bacteria, it forms a T = 1 icosahedral structure of 12 pentamer subunits, which encapsulates its cognate riboflavin synthase. This organization enhances the rate of riboflavin synthesis at low substrate concentrations. 125 The 16 nm outer diameter cage of lumazine synthase from Aquifex aeolicus can be expressed in E. coli, free of cargo.
The wild-type form of the above cage (AaLS-wt) has been modified via point mutations to introduce Glu (AaLS-neg; 36 pentamers and ∼30 nm) and then further 'directionally evolved' to include seven additional mutations (AaLS-13; 72 pentamers and ∼40 nm). These cages have interiors of different negative charges, and cryo-EM shows they have large, open pores ( Fig. 4d-f ). 125 The AaLS-neg cage was subjected to further engineering to increase the packaging capacity for a toxic protease derived from human immunodeficiency virus (HIV), which notably reduced the toxicity of the enzyme in E. coli. 126 This was achieved by adding a positively charged peptide tag to the enzyme. In another approach, a cationic supercharged (+36) fluorescent protein was genetically linked to the enzyme cargo and used to load a variety of enzymeskemp eliminase, β-lactamase, cyclohexylamine oxidase, catalase-peroxidase, NADH oxidase, and aldehyde dehydrogenase into the AaLS-13 cage. 127 Approximately 45 total enzyme copies could be encapsulated per cage. In general, encapsulated enzymes retained their activity inside the cage, but for most, the K cal /K m was lower compared to the free enzyme.
The specificity of a carried enzyme for its substrates may be altered by the cage interior. 128 After encapsulating a modified, sequence-specific protease from the tobacco etch virus, tests using peptides with distinct charges showed that the negatively charged cage promoted uptake and hydrolysis of those that were positively charged, but excluded negatively charged competitors. Hilvert's group made these observations by encapsulating ascorbate peroxidase for polymerizing poly 3,3-diaminobenzidine within the cage. 129 They also tried to mimic natural carboxysome compartments using lumazine synthase cages co-packaged with RuBisCO and carbonic anhydrase. 130 These cages did not enhance pathway efficiency, however, probably because of the much more open structure of AaLS-13 cages compared to carboxysomes, which limits their retention of intermediate substrates. Work such as this nonetheless clearly indicates the potential of lumazine synthases cages as nanoreactors in vitro and in vivo.
Natural protein-based cages in eukaryotes
3.3.1. Ferritin protein cages. Ferritin protein cages are found in nearly all forms of life. They act as iron storage containers and play a role in iron homeostasis. The ferritin in a ferritin protein cage prevents oxidative stress by converting Fe 2+ to Fe 3+ , which is subsequently stored within the cage as ferrihydrite crystals. [131] [132] [133] Ferritin cages are also used to mineralize other transition metals and salts, and to encapsulate a variety of molecules such as drugs, fluorescent materials and contrast agents. 134 Their natural occurrence makes ferritin protein cages a suitable model for transformation into nanoreactors for biological applications. 135 Most ferritin cages, including bacterio-ferritin cages, are composed of 24 subunits with octahedral symmetry (Fig. 5a) , as determined at atomic resolution. 136 With an external diameter of ∼12 nm and an internal diameter of their negatively charged cavity of ∼8 nm, 137 their structure includes eight hydrophilic channels involved in iron transport across the protein shell, and six hydrophobic channels that probably transport protons. 138 They are therefore important for transferring substrates and products across the protein shell. Mini-ferritin cages, which have 12 subunits and tetrahedral symmetry, are likely to be too small for effective encapsulation of enzymes. 139 Ferritin cages are structurally stable, which hinders their loading with large cargos such as proteins, 131 and it has been difficult to turn them into enzyme-carrying nanoreactors. The archaeal ferritin cage from Archaeoglobus fulgidus is less stable, however, and can reversibly disassemble into dimers at neutral pH and in low ionic strength solutions, allowing certain enzymes to be incorporated. 137 This type of cage has a tetrahedral rather than the canonical octahedral symmetry, with four large triangular openings 4.5 nm across. 136 These differences in structure can be visualized using cryo-EM (Fig. 5b) . Three enzymes -human carbonic anhydrase II, artificial (retro) aldolase RA95.5-8F, and Kemp eliminase HG3.17-were loaded into the cages by fusing them to green fluorescent protein with 36 positive charges (GFP + 36). 137 The cages protected the protein cargo when incubated with blood plasma protease factor Xa. Archaeoglobus fulgidus ferritin cages have also been engineered to encapsulate horseradish peroxidase and Renilla luciferase, 140 which increased the functional folding of the enzyme some 100-fold. These cages increased the thermal stability of the encapsulated enzymes.
3.3.2. Heat-shock proteins. Heat shock proteins (Hsp), also known as chaperones, occur naturally in a variety of cells. 141 They function primarily by preventing non-specific protein aggregation after a cell is subjected to heat shock or other stress. 142, 143 Hsp bind to incompletely or wrongly folded proteins (Hsp60 and Hsp70) or influence protein activity (Hsp90), 141, 144, 145 Small Hsp (such as Hsp26) are molecular chaperones that suppress protein aggregation. Composed of 24 subunits, they are 12 nm across with 3 nm pores on the 3-fold axis (Fig. 5c ). 146, 147 This makes them of interest for use as nanoreactors and antitumor agents. 148 A subgroup of cylindrical chaperones, known as chaperonins, encapsulate proteins to ensure their correct folding, often consuming ATP in the process. They can be divided into two classes. Class I chaperonins consist of two stacked rings, with a smaller protein on top of the rings; these include Hsp60 and GroEL (Fig. 5d ), which are found in the mitochondria of eukaryotes and in prokaryotes, respectively. They have been used to encapsulate iron-based hemins to create an artificial enzyme inside the cage. Class II chaperonins, such as the thermosome Thermoplasma acidophilum found in archaea ( Fig. 5e ), are hetero-oligomers that usually contain built-in protrusions that act as a "lid" structure. These chaperonins have two cavities with a diameter of approximately 16 and 18 nm in the fully closed and open conformations, respectively. They are large enough to accommodate proteins of up to 50 kDa. This type of cage has 5.4 nm-diameter pores in the open conformation, useful when attempting to use these cages as polymerization nanoreactors, since the cage interior defines the degree of polymerization and polydispersity of the polymer poly(ethylene glycol) methyl ether acrylate. 149 Knowing the 3D structure of the protein cage allowed introduction of a cysteine into the interior of the thermosome, followed by attachment of a multiamine ligand to immobilize Cu 2+ . This complex functions as a catalyst for atom transfer radical polymerization (ATRP). A nanoreactor was also made that incorporated horseradish peroxidase by covalently attaching the enzyme to the cysteine. 150 Horseradish peroxidase can be used to catalyze ATRP, and to form the polymer. Like the Cu 2+ -immobilizing system, the resulting polymers had a small molecular weight distribution compared to the products of bulk reactions, highlighting the benefit of protein cages for catalysis.
3.3.3. Pyruvate dehydrogenase multienzyme cages. Naturally occurring, catalytically functional protein cages also form from pyruvate dehydrogenase multienzyme complexes. These are found in the mitochondria of eukaryotes, including humans (Fig. 5f ) , and in Gram-positive bacteria, and have a central role in cell metabolism, catalyzing the oxidative decarboxylation of pyruvate to acetyl coenzyme A. They also link glycolysis to the tricarboxylic acid cycle. 151 Pyruvate dehydrogenase (PDH) complexes are generally composed of dihydrolipoyl acetyltransferase (E2), a pyruvate decarboxylase (E1), a dihydrolipoyl dehydrogenase (E3), and sometimes an E3-binding protein. In the native PDH complex of Bacillus stearothermophilus, 60 copies of E2 self-associate, forming an icosahedral assemblage. Around the exterior of this complex lie 42-48 copies of a tetrameric α 2 β 2 E1, and 6-12 copies of tightly bound homodimeric E3, forming a second protein shell. 152 Cryo-EM has been used to determine the precise conformation of these protein shells.
The arrangement of two concentric cages separated by an annular gap provides for effective active site shuttling. Although this system has not yet been modified to create a nanoreactor, it has potential application to the treatment of metabolic disorders. 153 3.3.4. Vault ribonucleoproteins. Vault ribonucleoproteins are ∼12 MDa tube-like structures found in most eukaryotic cells (Fig. 5g ). They consist of three protein species and an RNA component. One of these proteins, the 100 kDa major vault protein, makes up 75% of the vault mass; the other two are a telomerase-associated protein and the enzyme poly-(adenosine diphosphate ribose) polymerase. 154 Depending on the organism, they are between 26-41 nm by 49-73 nm as measured by cryo-EM, but can be larger. 155 Their exact function is still not understood, although they appear to be involved in regulating transport mechanisms, signal transmissions and immune responses. 156 These vaults have been engineered to encapsulate nonnative proteins in their interior. 154, 157 For this, a targeting domain of the telomerase-associated protein able to bind the major vault protein was identified. This domain was fused to luciferase and, after coexpression in insect cells, was included in the vault interior, as verified by cryo-EM. 158 Charged molecules such as ATP are slowly transferred into the cavity; such selectivity can be a useful trait for a nanoreactor.
Other protein-based cages
Other protein-based cages, such as proteasomes, 159 stressosomes, 160 inflammasomes 161 peroxiredoxins, 162 clathrin cages, 163 and other viral capsids of various shapes and sizes might also be used in nanoreactor production. Recently developed de novo protein cages, that is, artificially designed and constructed cages, 164, 165 might also have their uses. These de novo cages include tetrahedrons and other origami structures made via coiled-coil assembly, 166, 167 tetrahedral cages built by controlled genetic fusion of natural proteins, 168 and protein cages with envelopes. 169 Other protein-based cages, viruses, and nanocagess could yet be discovered, 139 providing further candidates for nanoreactor creation. The field is expected to expand notably in the coming years.
Advantages of protein nanoreactors over other nanoreactors
A shell around an enzyme can protect it from harsh environments and degradation. 170 The increased size of the enzymecage complex compared with the enzyme alone can also facilitate reuse of enzymes in industry. 171 Examples of non-proteinbased nanosized cages are polymers, 172, 173 polymersomes, 174, 175 liposomes, 176, 177 giant amphiphiles, 178 nanogels, 179 layer-by-layer structures, 180 nanodroplets, 181 nanosized metal organic frameworks (MOF), 182 silica nanoparticles 183 and other inorganic cages. 184, 185 Most of these systems are especially applicable when stability is needed in extreme environments, as in the case of water-free systems, or when high (thermal) stability is required. These encapsulants nonetheless often lack control over their size and shape, suffer from biocompatibility problems, and require several steps to synthesize. These questions do no arise in protein cages given their defined structures and, often, ability to self-assemble. Other extensively studied nanoreactor systems are based on peptides or DNA (origami). [186] [187] [188] [189] [190] DNA origamis can consist of various shapes such as tube-like honeycomb structures made from DNA that are combined into a large structure. A cavity within these structures can contain enzymes, for example, which are coupled to the DNA origami using a short complementary DNA strand. Protein cages are more economical than DNA origami, however, and are not affected by nucleases. 191 
Conclusion and future perspectives
This review shows how 3D cryo-EM can be used to analyze the structure of protein-based cages, and provides an overview of the nanoreactors that have been made from them. Enzyme encapsulation in a protein cage provides clear benefits over the use of the free enzyme, including reduced toxicity, increased substrate specificity, substrate channeling, easier enzyme recovery after a catalytic reaction, and increased stability. Protein-based cages are available in various sizes and shapes and can be expressed in various heterogeneous systems to make nanoreactors. They can also be modified genetically and chemically, and engineered to include different, nonnative enzymatic cargos.
The study of nanoreactors using cryo-EM and other techniques has not only increased our understanding of natural protein-based cages, but has led to design of nanoreactors for industrial catalysis. The increased stability and substrate specificity allows use of cargo enzymes in more extreme reaction conditions, results in lower energy consumption, higher product yields, and greater product purity. Nanoreactors also show promise in medicine, and might be used to target enzyme delivery. This could be beneficial in treating metabolic disorders in which certain enzymes are not (or are insufficiently) produced. They might also be used to generate or degrade drugs or metabolites within cells, and for pro-drug activation. Nanoreactors might also be used in the production of functional nanomaterials, sensors, in metabolic engineering, or in enhanced bio-CO 2 fixation. For all that, we have not yet reached the stage at which nanoreactors can be used routinely. Their properties, bio-uptake, biopositioning, and immunogenicity need to be better understood, applicable nanoreactors that encapsulate defined enzymes need to be built, and the associated costs must be reduced. 3D cryo-EM will undoubtedly play a role in this.
As an example, deciphering the structure of a natural nanoreactor such as DyP-encapsulin from B. linens is crucial for advances in comprehension of its function and properties (Fig. 6 ). DyP is assembled as a trimer of dimers (a 240 kDa hexamer), and is connected at one three-fold axis by three C-terminal extensions, which target the enzyme to specific pockets on the encapsulin interior surface. 13 3D cryo-EM analysis has shown three channels around the three-fold axis that can act as direct gates for substrates and/or products to be interchanged between the cytoplasm and the confined enzyme. 119 DyP-encapsulin is nevertheless a symmetry-mismatched complex.
Whereas applying icosahedral symmetry after merging a few tens of thousands of images will eventually lead to a nearatomic structure of the icosahedral encapsulin shell, a structure solution for the cargo requires more elaborate methods. First, a larger dataset of images from high-quality purified DyP-encapsulin samples must be aligned to obtain an asymmetric map. The enzyme cargo might acquire distinct confor- mations inside the cages, and better classification methods will help to identify such states. Finally, time-resolved cryo-EM would allow dissection of the temporal progress of the enzyme reaction and capture different functional states of the active nanoreactor, as has been d for functioning ribosomes. The higher SNR and contrast provided by DED, together with improved image processing approaches such as projection subtraction (a difference image calculated by subtracting the original projection from the "icosahedral" projection), local 3D classification, and localized reconstruction could allow reconstruction of the mismatched cargo at high resolution.
3D cryo-EM has emerged as a powerful technique for rapid visualization of protein-based cages/nanoreactors at high resolution, which will contribute to development of improved, more efficient nanoreactors.
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